The whitefly, Bemisia tabaci (Hemiptera: Aleyrodidae) is one of the most devastating agricultural pests in many cropping systems worldwide. Growers rely on the use of insecticides to control this pest. However, some insecticides do not reduce the feeding of B. tabaci fast enough to prevent the direct and indirect damage produced by this insect. The effect of a new insecticide, cyantraniliprole 10OD (Cyazypyr™), on the feeding of B. tabaci adults, was studied under laboratory conditions. Cyantraniliprole 10OD is an insecticide that belongs to the IRAC Group 28 with a new mode of action for sucking insects, which provides rapid feeding cessation by impairing muscle function, resulting in reduced transmission of important insect vectored crop diseases. Laboratory experiments were conducted to determine the effect of cyantraniliprole along with some other commercially available insecticides on the feeding of B. tabaci adults by measuring the excretion of honeydew as an indirect assessment of insect feeding. In these experiments, cyantraniliprole resulted in significantly higher reduction of honeydew excretion (64.0%) by Q biotype B. tabaci adults during the first 30 minutes of exposure than diafenthiuron, triazophos, acetamiprid and spiromesifen, with all treatments having no adult mortality. Observations between 1 and 48 hours after exposure indicated that cyantraniliprole had numerically higher or similar reduction in honeydew production as the other insecticides, but by 48 hours (mid and high rate) and 96 hours (high rate) of exposure, cyantraniliprole had significantly higher reduction of honeydew excretion than all other insecticides tested. Low adult mortality was observed during first 24 hours of exposure in all treatments. Cyantraniliprole resulted in numerical or significantly higher adult mortality than all other treatments at the later observation intervals (72 -96 hours). The higher reduction in honeydew excretion by cyantraniliprole appeared to be related to faster feeding cessation during the initial hours of exposure by a combination of feeding cessation and direct mortality as the exposure time R. S. Rattan et al.
Introduction
The cotton or sweet potato whitefly, B. tabaci (Gennadius), is an important hemipteran pest of a vast range of field and greenhouse crops [1] . Agricultural losses of millions of dollars have been attributed to B. tabaci [2] - [7] . The pest causes losses of yield and quality directly through feeding damage and indirectly by vectoring plant viral diseases [8] . Extraction of large quantities of phloem sap can eventually lead to plant death under high whitefly densities. B. tabaci adults and immature stages excrete honeydew during feeding, which provides a source of carbon and nitrogen for the growth of sooty mold fungi that causes great damage to host plants by blocking photosynthesis and propagating other species of fungi [9] . The honeydew stains also reduce the quality and consequently the economic value of produce. For example, honeydew deposits on cotton lint and adheres to the working surfaces of cotton processing equipment, resulting in reduced ginning rates and damage to lint processing machinery at the textile mill [10] . B. tabaci has been reported to transmit more than 110 plant pathogenic viruses [8] . Early infection of these B. tabaci transmitted viruses often results in total crop loss [11] . Insecticides are used intensively around the world for the management of B. tabaci and to minimize viral spread. However, few insecticides provide control of the insects and reduce disease transmission to satisfactory economic levels. Failures to control B. tabaci have been reported with the development of insecticide resistance to active ingredients from different chemical classes [12] - [19] . Cyantraniliprole is the second active ingredient in the anthranilic diamide class discovered by the DuPont Company, and the first in this class to provide cross-spectrum control of chewing and sucking pests. Cyantraniliprole is classified by the Insect Resistance Action Committee (IRAC) as a ryanodine receptor modulator, in Group 28, and shares this mode of action with two other commercial diamides: chlorantraniliprole and flubendiamide [20] .
Cyantraniliprole selectively activates the ryanodine receptors in insect muscles, resulting in rapid feeding cessation. This rapid feeding cessation has been correlated with reduction of some insect-vectored plant diseases in the field [21] - [26] . The excretion of honeydew by B. tabaci adults has previously been used as an indirect assessment of insect feeding [27] [28] . Laboratory experiments were conducted to evaluate the impact of cyantraniliprole 10OD and some other commercially available insecticides on honeydew excretion by B. tabaci Q biotype adults following foliar application.
Materials and Methods

Whitefly Rearing
A field population of B. tabaci Q biotype (PCR studies conducted at Insect Molecular Biology Laboratory, Department of Entomology, Punjab Agricultural University, Ludhiana, India) was collected from a local farm at Vadodara, India in April 2011 and maintained in the greenhouse on eggplant, Solanum melongena L. (Solanales: Solanaceae). A sub colony was maintained in the laboratory for two generations on individually caged eggplants at 27˚C ± 2˚C and relative humidity of 65% ± 5% with a photoperiod of 14:10 hours (L:D) in rearing cages (60 × 60 × 60 cm) before being used in the experiments.
Plants
Cotton plants (var. MRC-non Bt, Mahyco India) used in the experiments were grown in a greenhouse in pots (12 cm dia) containing a mixture comprising equal units of soil, sand and vermicompost and maintained at 30˚C.
Insect Test Unit
Cotton plants with three fully expanded leaves (about 20 days old) were used for the experiment. A mylar disk (19 cm dia, Lexan™, Star Plast, India) with a cut from the edge to the center was fitted around the stem of each plant and placed directly on top of the pot (Figure 1) . A filter paper (185 mm dia, Whatman™ No. 1; GE Healthcare UK Limited, UK) was placed on top of the mylar disk to protect the filter paper from contact with water, soil or any other contaminant from the pot. The weight of the filter paper was recorded before placing it on top of the mylar disk. Test units were isolated from each other using mylar cylinder cages (17 cm dia × 20 cm height).
Insecticide Treatments
Cyantraniliprole 10OD at three rates: 60, 90, 120 g of active ingredient per ha (g a.i./ha) (Benevia ™ 10OD: E.I. DuPont India Pvt. Ltd, India) was compared to four commercial insecticides, commonly used for whitefly control, at their equivalent use field rates labeled in India: acetamiprid 20SP (IRAC group: 4A-Nicotinic acetylcholine receptor (nAChR agonists) [20] 
Spray Application
All insecticide solutions were sprayed using a microsprayer: W3019530 (DuPont Crop Protection, Stine Haskell, Newark, DE USA) at 18 psi (nozzle-LEGRIS1/8) and air dried for one hour in a ventilated enclosure at room temperature before plants were infested with B. tabaci Q biotype adults. All solutions were prepared the day of the experiment in distilled water. The experiment was repeated two times with three replications in each test.
B. tabaci Infestation and Estimation of Feeding Cessation
Newly emerged B. tabaci Q biotype adults (ca. 12 hours old) were collected from the laboratory sub colony and starved for one hour. Fifty starved whitefly adults were anesthetized with CO 2 at 5 psi for one minute and released in the insect test units. The mylar cylinder cage was covered with muslin cloth at the top to avoid escape of whitefly adults (Figure 1) .
Estimation of feeding activity was indirectly assessed by measuring honeydew excretion by B. tabaci adults in treated and untreated plants. Honeydew droplets excreted by whitefly adults were deposited on the filter paper. Honeydew excretion by B. tabaci adults was calculated by recording the difference between filter paper weights before placement and after they were removed from the insect test units at 0.5, 1, 2, 4, 6, 12, 24, 48, 72 and 96 hours of exposure. Mortality of whitefly adults was also assessed at the same time intervals. Separate insect test units with untreated plants were kept for each time interval to ensure no impact on feeding due to handling during the experimental period. The insect test units were maintained in the laboratory at 27˚C ± 2˚C, RH: 65% ± 5% and 14:10 (L: D) hour photoperiod. Filter papers were weighed and the droplets of honeydew deposited on them were visualized by spraying 1.0% ninhydrin (Merck Specialties Pvt. Ltd., India) solution in acetone and drying the paper for 5 minutes at 100˚C. The honeydew droppings appeared violet or purple in color due to presence of amino acid contents and were visible to the naked eye, which ascertained the presence of honeydew droppings on the filter paper. Data obtained from weighing filter papers (weight difference before and after whitefly infestation) and mortality was subjected to analysis of variance (ANOVA) and treatment means were compared using Duncan's Multiple Range Test (DMRT) at 5% level of significance.
Results
Estimation of Feeding Cessation
Honeydew deposition increased through all time intervals in the untreated control and was significantly higher than honeydew deposition in all insecticide treatments ( Table 1) . A numerical dose response was observed within all cyantraniliprole treatments ( Table 1) . At 48 hours, a significantly lower deposition of honeydew was observed in the mid and high rates of cyantraniliprole when compared to all other treatments. After 72 hours, a significantly lower amount of honeydew deposition was observed in all cyantraniliprole treatments as compared to rest of the insecticides tested. Honeydew deposition with all cyantraniliprole treatments remained statistically lower than all other insecticides at 96 hours.
Data on percent decrease in honeydew excretion with respect to the untreated control is presented in Table 2 . The data shows that the highest rate of cyantraniliprole resulted in the highest significant reduction of honeydew excretion (64.0%) 30 minutes after the initiation of the experiment as compared to all other insecticidal treatments which was directly proportional to dose increase of the insecticide. Among the standard insecticides, spiromesifen showed highest reduction in honeydew deposition at this evaluation time (35.6%) (Figure 2) . Although not significantly different, the percent reduction in honeydew production was higher for the high rate of cyantraniliprole treatment during all the sampling periods up to 6 hours after infestation as compared to all other treatments. Minor statistical differences were observed between treatments until 48 hours after the initiation of the experiment, when all the cyantraniliprole treatments significantly reduced the honeydew excretion compared to standard checks. Significant reductions were observed in cyantraniliprole treatments when compared to all standard insecticides at 72 and 96 hours after the initiation of the experiment.
B. tabaci Mortality
It was observed that B. tabaci settled on the treated plants within 15 -20 minutes of release and no mortality was observed in any of the treatments up to 30 minutes after inoculation. No mortality was observed in the untreated checks during the course of the experiment. Percent mortality ranged from 1.6 to 4.0 in all treatments within one hour after infestation. The mortality in the cyantraniliprole treatment at 120 g a.i./ha was significantly higher than the one in the acetamiprid, triazophos, diafenthiuron and spiromesifen treatments at all the observation intervals ( Table 3) . Mortality increased with time in all concentrations of cyantraniliprole and a dose response was observed. After 96 hours of insecticide treatment, a significant higher mortality (74.6%) was observed with cyantraniliprole at 120 g a.i./ha, as compared to cyantraniliprole at 60 and 90 g a.i./ha and all other commercial insecticides tested. At this evaluation time, significantly lower mortality was observed in acetamiprid and spiromesifen when compared to all three doses of cyantraniliprole. Diafenthiuron and triazophos were next to cyantraniliprole in respect of whitefly mortality (60.3% and 56% mortality, respectively), 96 hours after treatment.
Discussion
B. tabaci nymphs and adults feed in the phloem and obtain sap containing various sugars [29] . Only 10% of ingestion is utilized in aphids' growth, oviposition and respiration; the rest is excreted. While what percentage of ingestion is represented by the amount of honeydew excreted by whiteflies is not known, it is still considered as a good estimate of ingestion [30] . In the absence of significant adult mortality, a reduction in the amount of honeydew produced by a sucking insect when exposed to an insecticide is likely related to its impact on the ability of the insect to feed. It was previously observed by other researchers that imidacloprid reduces the amount of honeydew production by B. tabaci adults [31] [32]. Similar observations were made when honeydew secretion by adults of Bemisia argentifolii was studied after treatment with imidacloprid and avermectins [33] .
In the present study, percent decrease of honeydew in the cyantraniliprole 10OD treatment at 120 g a.i./ha was significantly higher (64.0%) after 30 minutes of exposure when compared with all other treatments, indicating a rapid reduction in feeding of B. tabaci adults on plants treated with this insecticide. In a recent study, where fluorescence was used to determine the feeding cessation of B biotype B. tabaci nymphs, plants treated with cyantraniliprole also caused a significant reduction of feeding when compared with nymphs feeding on plants treated with imidacloprid or spirotetramat [34] . Another study showed a reduction in the amount of honeydew produced by B biotype B. tabaci adults in cyantraniliprole treatments equivalent to imidacloprid. The study was conducted using water sensitive paper to determine the whitefly adult feeding, when insects were exposed to insecticide-treated and untreated plants [35] . Other studies have also shown that cyantraniliprole reduces feeding of thrips [24] and aphids [25] .
Commercial insecticides used in this study are well known for their efficacy against whiteflies [36] - [38] , however, results from these studies show that they vary in speed of action and effect on feeding cessation. Cyantraniliprole 10OD at 120 g a.i./ha was the fastest acting insecticide (based on mortality and reduction in honeydew excretion) for B. tabaci adults.
Whiteflies carrying viruses in most of the cases are able to infect the plants within 4 hours of feeding [39] ; insecticides that produce a rapid feeding cessation combined with a quick killing effect on adults are needed to reduce the transmission of whitefly vectored viral diseases. The present experiment shows that the reduction in honeydew excretion after treatment with cyantraniliprole 10OD is an indirect evaluation of feeding cessation which reduces feeding within 30 minutes. The presented data further showed that honeydew deposition by B. tabaci in cyantraniliprole 10OD treated plants decreased with time. The early reduction in feeding produced by cyantraniliprole could potentially decrease the risk of virus transmission in the early stages of plant growth. A recent study with the use of the electrical penetration graph (EPG) demonstrated that B. tabaci biotype Q adults feeding on plants treated with cyantraniliprole (foliar application) were not able to reach the phloem and consequently did not perform phloem salivation (during which inoculation of geminiviruses occurred) and phloem sap ingestion (during which geminiviruses were acquired by the whiteflies) [40] . The authors concluded that the complete failure of B. tabaci adults to feed from the phloem of tomato plants treated with cyantraniliprole could be due to the rapid feeding cessation produced by the mode of action of this insecticide. Therefore, the reduction in feeding could potentially have implications in the capacity of whiteflies to vector viruses and consequently in the reduction of infections caused by these viruses as well as in the decrease in sooty mold. Cantaloupe plants sprayed with cyantraniliprole 10SE (120 g a.i./ha) had fewer leaves showing Cucurbit Yellow Stunting Disorder Virus (CYSDV) symptoms and fewer adult whiteflies when compared with commercial compounds tested and the untreated control [21] . In a different system, soil applications of a 20SC formulation of cyantraniliprole applied to Capsicum annuum significantly reduced the transmission of Tomato Spotted Wilt Virus (TSWV) by Frankliniella fusca (Hinds) when compared with the water-treated control [23] . The authors correctly pointed out that "it is likely that antifeedant effects of cyantraniliprole are responsible for the decreased transmission of TSWV by F. fusca observed in this study". Similarly, DuPont's in-house data also showed that cyantraniliprole was highly active against both adult and nymphs of Q biotype B. tabaci whitefly (data not presented). This also reduces the capability of the affected pest insects to vector crop diseases [41] [42] . The unique property of rapid feeding cessation in insect pests makes cyantraniliprole a valuable addition to IPM and IRM programs in agri-R. S. Rattan et al.
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cultural and horticultural production systems.
